INTRODUCTION
============

In order to fulfil their biological functions, genes must be expressed in specific spatiotemporal patterns. These patterns are to a large extent established by controlling the transcription of the genes through which RNA copies are generated from the DNA template. In this process, a protein complex composed of general transcription factors (TFs) is mandatory to sustain the expression of all genes encoded by the genome. In addition, other regulatory proteins enhance or repress the transcriptional rate of target genes in response to biotic and abiotic stimuli, and intrinsic developmental processes. These proteins are TFs that bind, in a sequence-specific manner, to *cis*-elements in the target promoters, and other transcriptional regulators (TRs) that exert their regulatory function through protein--protein interactions or chromatin remodeling. The identification of such TFs and TRs from an appreciable number of organisms of divergent lineages represents an important first step towards the understanding of gene regulatory networks and their evolution. For plants, this step has already been made by several groups through the development of databases dedicated to the presentation of TFs and TRs and accompanying information of relevance to the research community ([@B1; @B2; @B3; @B4; @B5; @B6]). Here we present the current status of the Plant Transcription Factor Database, PlnTFDB ([@B4]), which in its updated version (v3.0) provides information about the putatively complete sets of TFs and TRs from 19 plant species (*sensu lato*) encompassing a broad phylogenetic range of \>1.6 billion years of divergent evolution ([@B7]).

DATA SOURCES, ANALYSES AND IMPLEMENTATION
=========================================

Species and proteomes covered
-----------------------------

In order to identify putatively complete sets of TFs and TRs, we applied our previously established analysis pipeline to the proteomes of species whose genomes have been completely sequenced and annotated ([@B4]). The PlnTFDB v3.0 covers 19 different plant species ranging from unicellular red and green algae to angiosperms, therewith expanding the species spectrum of the previous version by 12 new species. The species analysed and the sources of the sequence data used to establish PlnTFDB v3.0 are listed in [Table 1](#T1){ref-type="table"}. Table 1.Species analysed and number of families and classified proteins per speciesGroupsSpeciesSourceAnnotation versionReferenceTotal number of proteins^a^Genome size (Mbp)Number of familiesNumber of classified proteins^a^Red algae (Rhodophytes)*Cyanidioschyzon merolae*120070710([@B8])500816.5234147*Galdieria sulphuraria*9([@B9])66041037201Green algae (Prasinophytes)*Micromonas pusilla CCMP1545*22([@B10])10 4551549289*Micromonas sp. RCC299*23([@B10])10 1601549326*Ostreococcus tauri*22([@B11])781212.5647216*Ostreococcus lucimarinus*22([@B11])765113.20446236Green algae (Chlorophytes)*Chlamydomonas reinhardtii*24([@B12])16 46012152346*Chlorella sp. NC64A*2197624048304*Coccomyxa sp. C-169*2110 17412047261Bryophyte (Bryopsida)*Physcomitrella patens*21.1([@B13])35 724480721295Spike-moss (Lycopodiophyte)*Selaginella moellendorffii*2122 13810074896Angiosperms (Monocots)*Oryza sativa subsp. indica*320050118([@B14])49 643420792393*Oryza sativa subsp. japonica*46([@B15])63 306420792722*Sorghum bicolor*24([@B16])35 682730782231*Zea mays*53b.5055 8102400793608Angiosperms (Eudicots)*Carica papaya*7([@B17])24 852372811480*Arabidopsis lyrata*2132 234206.7812162*Arabidopsis thaliana*68([@B18])30 707125812451*Populus trichocarpa*21.1([@B19])45 009485812901*Vitis vinifera*81([@B20])30 342500801725[^2][^3]

Identification of protein domains and new domain models
-------------------------------------------------------

The identification of TFs and TRs and their classification into families exploits the presence of protein domains and their combination within proteins ([@B4]). To generate the current release of PlnTFDB, domains were identified using the Pfam protein families database v23.0 ([@B21]) and the software package HMMER v2.3.2 (<http://hmmer.janelia.org/>). Domain hits with a score higher than or equal to the gathering cut-off (--cut_ga) defined for each hidden Markov model (HMM) were kept for further analyses.

For some families, there is no domain represented in the Pfam database; in such cases we developed profile HMMs based on sequence alignments of the respective domains. For the current version of PlnTFDB, we established HMMs for the characteristic domains of the families NOZZLE and VARL. An HMM for the NOZZLE family is available in the Pfam database; however, this model only recovers members from the Brassicaceae family (e.g. *Arabidopsis* sp.). Hence we used the *Arabidopsis thaliana* sequences to perform a PSI-BLAST search against the non-redundant protein database at NCBI (<http://www.ncbi.nlm.nih.gov/>). This allowed us building a multiple sequence alignment and HMM of NOZZLE proteins from several angiosperms, i.e. *A. thaliana*, *Brassica juncea*, *Medicago truncatula* and *Vitis vinifera*.

The HMM for the VARL family was built by using the alignment reported in Duncan *et al.* ([@B22]), with sequences from *Chlamydomonas reinhardtii* and *Volvox carteri*. The alignments used to create the new HMMs are available through the database web interface.

After building these HMMs, a score threshold had to be defined, beyond which the hits are considered significant. To this end, we run an HMM search with the newly created models using a very permissive preliminary threshold (*e*-value ≤ 10). Subsequently, the known members of the family were localized within the list of hits, which allowed us identifying putative true positives (TPs) and putative true negatives (TNs), thus defining the score threshold as the average between the minimum score obtained by a TP and the maximum score obtained by a TN. This procedure is illustrated in [Figure 1](#F1){ref-type="fig"}. Figure 1.Selecting the significance score threshold in newly created profile HMMs. The graphic shows the scores obtained for proteins in the *V. carteri* proteome when searched with the VARL HMM with an *e*-value cut-off of 10. Known members of the family in this species (TPs) are highlighted in green. The putative TN with the highest score is indicated by a purple arrow. The TP with the minimum score is highlighted by a green arrow. The significance score threshold (black line) is computed as the average between the minimum score for TPs (green line) and the maximum score for TNs (purple line). For this family, the selected threshold is −4.25 bits.

Rules for the classification of TFs and TRs
-------------------------------------------

Compared with version 2.0 of the database, we have increased the number of rules established for the classification of TFs and TRs by Riaño-Pachón *et al.* ([@B4]). We have now included 16 additional families, totalling 84 in PlnTFDB v3.0. Briefly, the classification rules ask for the presence of a single domain in 77 cases, and a combination of domains in the remaining 7 cases. In addition to these 'required' domains, the rules for some families include 'forbidden' domains. The forbidden domains allow establishing a mutually exclusive classification system ensuring that each individual protein is classified as a member of a single TF or TR family only. The current sets of 'required' and 'forbidden' domains of each individual family are listed in [Supplementary Data, Appendix 1](http://nar.oxfordjournals.org/cgi/content/full/gkp805/DC1). We included two meta-rules in our classification scheme: (i) if a protein harbours domains characteristic of a TF family and a TR family, we assigned it to the TF family, e.g. *A. thaliana* protein AT3G51120.1 could be assigned to families C3H (TF) and SWI/SNF-BAF60b (TR), but according to this meta-rule it is assigned to C3H. (ii) When the protein of interest contains domains characteristic of more than one TF family or more than one TR family, it was assigned to the family to which its characteristic domains matched with the lowest *e*-value. For example, protein 425147 from *Selaginella moellendorffii* could be classified as C2H2 (TF, *e*-value 7.3e-3) or RWP-RK (TF, *e*-value 6.1e-11), according to the meta-rule it was assigned to the RWP-RK family.

Database interface and availability
-----------------------------------

The information about the different regulatory proteins and their classification into families, as well as sequence alignments, 3D structures, literature references and links to other databases are stored in a relational database, powered by MySQL (<http://www.mysql.com>; database schema in [Supplementary Data, Appendix 2](http://nar.oxfordjournals.org/cgi/content/full/gkp805/DC1)). The interface of the database to the World Wide Web (WWW) was developed by using PHP, JavaScript and Java applets (Jmol, <http://www.jmol.org/>; and Jalview, <http://www.jalview.org/>) following HTML 4.01 and CCS v2.1 W3 standards to ensure browser interoperability.

PlnTFDB can be queried using keywords or sequences (using blastp or blastx), and it is freely accessible through the WWW via <http://plntfdb.bio.uni-potsdam.de/v3.0/> using any modern web browser. The Java Runtime Environment (JRE) 1.6.0.12 or newer is required in order to visualize domain alignments and protein 3D structures.

3D PROTEIN STRUCTURES, EXPRESSED SEQUENCE TAGS AND ORTHOLOGUES {#SEC3D}
==============================================================

To widen the information provided for each TF and TR in PlnTFDB, we have performed similarity-based searches against the database of sequences with known protein tertiary structures available from the Protein Data Bank (PDB) and the expressed sequence tag (EST) databases available from GenBank. To identify related ESTs, we used BLAST as search engine, keeping as significant all hits with an *e*-value ≤ 10^−10^ and an alignment identity of ≥50% over a length of ≥80 amino acids. For the detection of homologous 3D protein structures, we used the package hhsearch (<http://toolkit.tuebingen.mpg.de/hhpred>) that employs HMM---HMM comparisons to detect remote homologues. Hits were considered significant if the probability of the target being a TP was \>98%. The 3D structures of proteins similar to entries in PlnTFDB can be visualized with the Jmol applet ([Figure 2](#F2){ref-type="fig"}), and links are provided to the PDB web site. Figure 2.Screenshot of a web page displaying details for a TF gene in PlnTFDB. (**A**) Every gene page in PlnTFDB displays basic information (including species name and gene family assignment) for a given TF or TR. If gene names had been assigned (only for *A. thaliana* and *O. sativa* ssp. *japonica*) they will be displayed as well. (**B**) The best hits (hhsearch, probability of being a TP ≥98%) to PDB protein 3D structures are visualized as static images, a link is provided to the embedded Java applet Jmol where basic operations on the 3D structure can be performed. (**C**) Links to orthologues in PlnTFDB are provided. (**D**) Users can query PlnTFDB through similarity searches (BLAST) using a protein or a nucleotide sequence as query. (**E**) Domain architecture is displayed with links to the original domain databases (Pfam or our local database, see section 'Identification of protein domains and new domains models'). (**F**) Links to the protein and transcript sequences of the gene are provided.

The genomes of some species covered by PlnTFDB, e.g. *A. thaliana* and *Oryza sativa* ssp. *japonica*, are relatively well annotated with respect to the biological functions of the proteins they encode, whereas genomes of others, including *C. reinhardtii*, are still in a preliminary status of annotation of biological functions. As orthologous genes often have the same function in different species ([@B23]), we have used InParanoid ([@B24]) to detect clusters of orthologous genes between pairs of species in PlnTFDB. This will ease the transfer of functional information and provide effective cross-references among the species in PlnTFDB.

QUALITY CONTROL
===============

To evaluate the quality of the putatively complete sets of TFs and TRs reported in PlnTFDB, we compared our predictions to published datasets on detailed single-family phylogenetic studies, and defined the published analyses as gold standards. We calculated the sensitivity and the positive predicted value (PPV) as described before ([@B4]). The results of this evaluation are shown in [Table 2](#T2){ref-type="table"}. In all cases, both measures are \>80%, and for most families the sensitivity and PPV values are \>90% (shown in bold face in [Table 2](#T2){ref-type="table"}), evidencing low rates of false negatives (FNs) and positives (FPs). Table 2.Sensitivity and PPV of PlnTFDB predictionsSpeciesFamilyReferenceTP/TP + FNTP/TP + FPSensitivityPPVATH**AP2-EREBP**([@B25])146/147146/1460.991.00**ARF**([@B26])21/2321/230.910.91**AUX/IAA**([@B26])28/2928/280.971.00bHLH([@B27])125/154125/1360.810.92**bZIP**([@B28])70/7670/700.921.00**C2C2-Dof**([@B29])35/3635/360.970.97**C2C2-GATA**([@B30])29/2929/291.001.00**C3H**([@B31])65/6765/680.970.96**GRAS**([@B32])32/3232/331.000.97**MADS**([@B33])97/10597/1050.920.92**MADS**([@B34])98/10898/1050.910.93MYB([@B35])185/198185/2120.930.87**NAC**([@B36])100/100100/1041.000.96**SBP**([@B37])16/1716/160.941.00**WRKY**([@B38])71/7271/720.990.99OSAJbHLH([@B39])134/166134/1430.810.94bZIP([@B28])82/9282/900.890.91C2C2-GATA([@B30])18/1918/270.950.67**C3H**([@B31])65/6765/700.970.93MYB([@B35])145/156145/1960.930.74**SBP**([@B37])18/1918/190.950.95[^4]

MAIN RESULTS
============

In the current version of PlnTFDB (v3.0), we present a total of 84 different TF and TR families that occur in 19 different plant species and encompass 26 184 distinct proteins. A summary of the content of the database is shown in [Table 1](#T1){ref-type="table"}; there is a tendency that the number of TFs and TRs per family, as well as the number of families, increases along with the organismic complexity. Correlation analyses support this observation ([Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkp805/DC1), Appendix 3).

The wide spectrum of gene families covered by PlnTFDB has already been exploited by researchers, e.g. for use in genome annotations ([@B12],[@B40],[@B41]), functional studies of TFs and TRs ([@B42],[@B43]) and detailed phylogenetic studies of TF families in the whole plant lineage ([@B28]), among others.

OUTLOOK
=======

As the cost of genome sequencing continues to decrease, the number of newly sequenced genomes will increase dramatically in the near future. The computational analysis pipeline behind PlnTFDB will be applied to these new genomes, increasing even further its wide phylogenetic coverage. We envisage that PlnTFDB will increasingly be exploited in genome annotation projects as a primary repository serving the identification of transcription regulatory proteins.

SUPPLEMENTARY DATA
==================

[Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkp805/DC1) are available at NAR Online.
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